Background and Purpose: Stereotactic body radiotherapy (SBRT) is an emerging modality for definitive treatment of Hepatocellular carcinoma (HCC).
Background
Hepatocellular carcinoma (HCC) is the sixth most common malignancy, and the third most common cause of cancer mortality worldwide [1] . HCC incidence has been rising steadily due to increasing numbers of hepatitis C virus (HCV) carriers [1] . Unique staging methods have been developed, such as the Barcelona-Clinic Liver Cancer staging classification (BCLC), which relates to the Child Pugh (CP) score of liver function, as well as to the patient's performance status as evaluated by the Eastern Cooperative Oncology Group (ECOG) score [2, 3] . The therapeutic recommendations are often based on the BCLC staging system, which reflect prognosis and survival. BCLC stage A patients are candidates for surgical procedures, such as resection or liver transplantation [3, 4] . As not all transplant candidates can be transplanted in a timely manner due to shortage in organs, bridging treatments may be required. Invasive locoregional therapies such as transatrerial chemoembolization (TACE) and radiofrequency ablation (RFA) have been studied for this indication [5] [6] [7] [8] [9] .
These locoregional therapies are the treatment of choice for unresectable lesions or in patients with poor performance status but with sufficient hepatic reserve [4, 10, 11] . TACE is the first-line palliative treatment for unresectable or multi-focal HCC in the absence of metastases, and is recommended for BCLC stage B patients [3, 4, 10, 11] .
Previously, external beam radiation therapy (EBRT) was limited by the risk of radiation-induced liver disease (RILD). With advances in imaging and radiotherapy (RT) technologies, conformal liver irradiation has become a feasible and safe technique for treating focal HCC, with RILD rates of <5% [12] . Several studies have established the efficacy and safety of conformal liver irradiation for treating HCC [13] [14] [15] . Daily doses ranged from 1.5-5 Gy to total doses of 40-90 Gy, with higher doses associated with improved outcomes [13] [14] [15] . Specific dose volume tolerances have been defined for conventional fractionation.
Stereotactic body radiotherapy (SBRT) is a technique that delivers higher doses of radiation and has been explored for the treatment of HCC. However, most of the data arise from patients who have Child-Pugh A (CP-A) liver disease [16] [17] [18] . SBRT in patients who are classified as Child-Pugh B (CP-B) liver disease but requires some modifications and strict adherence to dose constraints [19] . SBRT has also been studied as a bridge to liver transplantation with promising results, but data is scarce [20, 21] . Our study focuses on the use of SBRT as a bridge for transplant as well as on dose escalation in CP-B patients.
Methods

Patients
The study included all consecutive HCC patients who were not candidates for primary resection and/or local therapy and who were treated with intensity-modulated radiation therapy (IMRT)/image-guided radiation therapy (IGRT)-based SBRT at the Institute of Oncology between November 2011 and January 2016. All cases were discussed in a multidisciplinary tumor board including hepatologists, hepatobiliary/transplant surgeons, medical oncologists, radiation oncologists and radiologists as well as invasive radiologists.
Data collection and outcomes
This retrospective study was approved by the medical center institutional Helsinki review board. No informed consent was required. Data were collected from medical records and included demographics, viral status, history of cirrhosis and underlying liver disease, tumor location and size, performance status, response to treatment, survival, and cause of death. Liver enzyme, albumin, creatinine and total bilirubin levels, as well as coagulation studies (international normalized ratio [INR] ) were recorded before and every 2 weeks after completion of radiotherapy up to 12 weeks. Treatment outcome was assessed by liver magnetic resonance imaging (MRI) or triphasic computed tomography (CT) scan. Tumor response in patients who underwent liver transplantation was assessed by explant pathology. Progression-free survival (PFS) was defined as the time between SBRT and the first imaging study that indicated disease progression -local or distant. Local progression was defined as an increase of 20% or more of the primary tumor volume. Local control was defined as the lack of local progression. Overall survival (OS) was calculated from the time of SBRT. Treatment-related death was defined as death within 30 days of treatment. The surgical report and post-op charts were reviewed for remarks on surgical difficulty and vascular complications.
Treatment planning
Patients were immobilized for simulation with a customized vacuum cushion and abdominal compression was applied. Patients were simulated using a multiphase 4-dimentional CT simulation to monitor breathing-related liver motion. Images were reconstructed on the Advantage Workstation (GE Healthcare, Chicago, IL). When anatomically feasible, fiducial markers were placed. The internal target volumes (ITVs) were created using all 10 phases to account for maximal tumor excursion.
The gross tumor volume (GTV) was defined as the contrast enhancing tumor volume on a triphasic CT or MRI scan. The planning treatment volume (PTV) was defined as a 3-mm margin around the GTV, after expansion for ITV was made. The PTV was reduced in case of proximity to vital normal tissue. Patients were treated with IMRT using dynamic sliding window multileaf collimator (MLC) or volumetric modulated arc therapy (VMAT). Specification of the dose-volume histogram (DVH) constraints is available in Table 1 .
Dose calculations were performed using the Eclipse™ treatment planning system (Varian, Palo Alto, CA), AAA algorithm version 8. Treatment was prescribed to the 95% isodose line with PTV tolerance of ±5%. Quality assurance verification plans were performed with the ArcCHECK™ dosimeter (Sun Nuclear Corporation, Melbourne, FL).
Before each treatment, cone beam CT (CBCT) was used to position the patient appropriately. Doses of 30, 48 and 54 Gy in 5, 4 and 3 fractions respectively were delivered every other day. Dose of radiotherapy was recommended to be 54 Gy for patients who were CP-A and 30 Gy in 5 fractions for CP-B. Some patients also received 48 Gy in 4 fractions when normal tissue constraints could not be met.
Post SBRT evaluation
The treated tumors were assessed by MRI or triphasic CT eight weeks from completion of SBRT. Following imaging studies were scheduled at the treating physician's discretion. For the patients in whom alphafetoprotein level was elevated before SBRT, repeat tests were done monthly. In cases where the tumor marker indicated progression, an imaging study was performed.
Pathological workup
The liver explants were cut in slides in an attempt to reproduce the sections obtained in imaging and to receive correlation with the site of the nodules. Sections from each major tumor nodule and representative samples of small nodules were taken. Satellites nodules, multifocal HCC and intrahepatic metastasis were not distinguished and were considered multiple tumors. Tumor grade and extension were evaluated, including extension into the hilar vessels, inferior vena cava, the hepatic capsule, and margins.
The liver sampling consisted of: (1) Hepatic hilus including hepatic artery, portal vein, and bile duct; (2) Inferior vena cava; (3) Sections from the nodules with the detail of the location; and (4) Section of the cirrhotic liver from the left and right lobes. Conventional hematoxylin-and-eosin stain was performed, as well as special stains, including: Periodic acid-Schiff, Periodic acid-Schiff-diastase, Masson's trichrome, Reticulum, Ferrum, Orcein, Keratin 19 and 7.
Statistical analysis
Data were analyzed using the Statistical Package for the Social Sciences 22.0 (SPSS) at a significance level of 0.05. Survival was estimated using the Kaplan-Meier method and Cox's regression analysis.
Results
Patient characteristics
The study included 23 patients. Median age at RT was 62.2 (range, 43.0-83.9) years, 69.6% were male and 30.4% female, 70% were viral hepatitis carriers, all had liver cirrhosis. All patients were either CP-A (56.5%) or CP-B (43.5%) and ECOG performance status ≤2. All patients had early stage disease (BCLC stage A). CP-B score was determined based on biochemical findings, no patient had encephalopathy or ascites before being treated with SBRT. Six of the CP-B patients were CP-B score 7 (CP-B7), and 4 were CP-B score 8 (CP-B8). Two patients were previously treated with invasive locoregional methods. In 21 patients, SBRT was the first treatment modality (Table 2) .
Treatment parameters
The median number of lesions was 1 (range, 1-4), the median tumor diameter was 2.5 (range 1.0-4.8) cm, and the median tumor volume was 12.7 (range 2.2-53.6) cm 3 . The median prescribed dose to the tumor was 54 (range, 30-54) Gy. The median of the mean dose to the uninvolved liver (mean liver dose, MLD) was 6.0 (range, 1.6-12.6) Gy. The median V5/V7/V15 to the uninvolved (Fig. 1) . There was no 30 day radiation-related mortality.
Progression free survival
The median PFS for the entire cohort and for the transplanted patients was not reached (as there were too few events of disease progression), and was over 54 months (Fig. 2) . The median PFS for patients who were not transplanted was 14.0 (range, 2.3-32.6) months (Fig. 2 ). Table 3) . Local control was achieved in all patients. A patient who was transplanted 5 weeks after SBRT died of sepsis 4 weeks after transplantation. This patient did not experience any surgical/radiation-related complications and died from antibiotic-resistant sepsis while in the intensive care unit ( Fig. 3 and Table 4 ).
Non-transplanted patients
Of the 12 patients who were not transplanted, 7 (58.3%) were not candidates for transplantation (elderly patients or beyond the Milan Criteria) and 5 (41.7%) are awaiting Two patients developed a new lesion in the liver -one was re-irradiated, was progression-free for 9 months after re-irradiation, and then died of hepatic decompensation. Another was treated with TACE. Two patients had systemic progression, and one had local progression that was not treated due to poor PS. The 2 remaining patients died of hepatic decompensation and variceal bleeding (10 and 12 months after RT) without tumor progression.
Discussion
Patients with early stage HCC (BCLC A) are candidates for potentially curative treatment [3] . Liver transplantation is the best therapeutic option as both the underlying liver disease and tumor can be cured [3] . Invasive ablativemethods have been traditionally used as a curative option for small or inoperable tumors, as well as bridging treatments to prevent disease progression that may render patients ineligible for transplantation [5] [6] [7] [8] 10] . These methods, such as TACE and RFA are usually performed in an in-patient setting. RFA as bridging treatment before transplantation was found to be well tolerated, and produced a CR of 55% (5). However, complete extinction of the tumor is highly dependent on tumor size (5). In one study, bridging TACE before transplantation produced tumor necrosis ≥90% on32-44% of patients treated and three-year recurrence-free survival of 61-87% (8) . The most common complication of TACE is postembolization syndrome -which is a self-limited event, but may extend hospital stay significantly (9) . The most dreaded complications are liver failure and emboli affecting distant sites (9) . The major concern with liver irradiation is RILD, especially in patients who were CP-B.
Advances in RT technique and planning as well as organ motion monitoring have enabled dose escalation while minimizing exposure of uninvolved tissues. SBRT is commonly used for the treatment of primary tumors as well as metastatic lesions in a variety of indications, and data have been accumulating about the use of SBRT in various HCC stages. Some studies have explored SBRT for small inoperable tumors, large tumors, or cases unsuitable for standard invasive locoregional therapies. In a phase II study of 50 inoperable patients previously treated with transarterial chemoembolization (TACE) 1 to 5 times, 38.3% of patients receiving SBRT achieved PR or CR at 6 months. The 2-year control rate, OS and PFS were 94.6%, 68.7% and 33.8%, respectively [16] . In a study of 42 patients with small inoperable HCC, CR was achieved in 33%. The 1 and 3-year-OS were 92.9% and 58.6%, respectively [17] . An additional sequential phase 1 and 2 trials, included 102 patients with HCC unsuitable for locoregional therapy, of whom 61% had multiple lesions, 55% had tumor vascular thrombosis, and 12% had extrahepatic disease. All patients were treated with SBRT with a local control rate at 1-year of 87% and median OS of 17.0 months [18] .
All patients in our current study were considered ineligible for primary resection and invasive methods due to tumor size, location, and liver function. All patients included in our study had liver cirrhosis, and 43% were CP-B. Dose constraints were strictly maintained with specific parameters for CP-B patients. All patients who were CP-A and 6 of 10 patients who were CP-B were treated to 48 or 54 Gy. Four of the 10 CP-B patients were treated to a lower dose of 30 Gy. With the exception of 1 case of suspected RILD in a patient who was CP-B treated to 30 Gy, no significant toxicities were observed, which may indicate that dose escalation for CP-B can be accomplished relatively safely.
Conformal RT has also been studied as a bridge to liver transplantation, however data are lacking. In a series of 10 transplantation candidates who failed or were not suitable for standard local therapies and were treated with 5-6 fractions to a median dose of 33 (range, 8.5-54) Gy, explant pathology was available for the 5 patients who were eventually transplanted. The analysis demonstrated 0%, 40%, 60%, 90% and 90% tumor necrosis [22] . In another series of 10 transplantation candidates treated with SBRT, 5-year survival and PFS were 100%. The CR rate was 27% at a median dose of 51 Gy in 3 fractions [20] . Facciuto et al. reported on 27 transplantation candidates who were treated with SBRT of whom 17 eventually were transplanted. In this series, 22 lesions were pathologically evaluated with a 37% response rate (RR): 14% pCR, 23% pPR, and 63% pSD. One patient suffered liver decompensation [20] . Many questions still remain regarding the safety and utility of SBRT for HCC patients, as well as using concomitant biological therapy to improve its efficacy. A recent phase 1 study of 16 CP-A, ECOG performance status 0-1 patients tried to determine the maximal tolerated dose of sorafenib delivered before, during, and after SBRT for HCC. Significant toxicity was observed when the effective irradiated liver volume was high (30-60%) [23] . RTOG 1112 is a randomized phase 3 study comparing sorafenib to SBRT followed by sorafenib in patients with BCLC B or C, unsuitable for surgical or invasive procedures. The results of this pivotal trial are eagerly awaited. The use of particle beams was assessed in a recent phase 2 study, where 44 patients with unresectable HCC, treated with high dose hypofractionated proton beam therapy (median dose, 58 Gy). The local control rate and OS at 2 years was 94.8% and 63.2%, respectively [24] . No randomized trials have compared particle beams with photons and therefore there is no consensus on preference of ion therapy over traditional photons.
In our study, SBRT was effective for local control in nontransplanted patients, similar to results seen in previous studies [16-18, 25, 26] . All were treated as out-patients, and none were admitted for complications. Of the 5 patients who progressed in our cohort, 1 patient who was CP-B developed a second HCC, was re-irradiated without radiation-associated toxicity and remained without progression and had no treatment related complications. To our knowledge, there are no data regarding re-irradiation with SBRT for patients who are CP-B.
Sixteen patients were considered candidates for transplantation. All were treated as out-patients. Eleven patients were eventually transplanted. Within a median time from SBRT to transplantation of 4.8 months none had progression. There were no radiation-related surgical complications. The dose to the tumor, and response rate as seen in liver explants were similar to those reported in a previous study [20] . We suspect a dose escalation response in our cohort. Of the patients treated with 54 Gy, 2 had pCR and 4 had pPR; of the patients treated with 48 Gy, 1 had pCR and 1 had pPR; and of the patients treated with 30 Gy, 1 had pPR and 2 had pSD. It seems that lower doses could suffice as a bridge for transplant but not as a definitive treatment.
The main limitations of our study include its small size and dose heterogeneity. In addition, the potential for selection bias is also a key limitation of our study. However, as there are few reports on the pathologic evaluation of post-SBRT liver explants and no randomized data exists, our study contributes to the expansion of knowledge regarding this noninvasive minimally toxic out-patient procedure.
Overall, the evidence supporting the use of SBRT in HCC patients, including the present study is encouraging. A formal phase 2 dose escalation study in patients who are CP-B is planned both for definitive therapy and as a bridge for transplant.
Conclusion
SBRT achieved local control without major adverse events and proved to be an effective and safe bridging treatment to liver transplantation. The significant pathological response rate, including 27% pathological complete response is encouraging. There were no unexpected surgical complications in the patients treated with SBRT, therefore, albeit from a small cohort, we suggest that SBRT may be considered as an alternative to traditional invasive local therapies. The optimal dose and fractionation are yet to be established. The role of SBRT in early stage HCC and specifically in patients who are candidates for transplantation needs to be assessed in large randomized controlled trials. The safety and efficacy of liver re-irradiation with SBRT should also be further explored. 
